We developed novel trunk musculoskeletal models with detailed muscle paths for predicting the thoracolumbar load, and validated the developed models under dynamic loading and various postures. Two types of musculoskeletal models with different paths of the trunk muscles were constructed: a Via-Point type (with linear muscles) and Wrapping type (with curved muscles along ellipsoids). We predicted the intradiscal pressure (IDP) with the models and compared the results with literature values. The IDP predicted using the wrapping-type model had an extremely strong correlation with IDP measurements from the thoracic spine. The results demonstrate the effectiveness of more accurate muscle paths in musculoskeletal models for predicting the thoracolumbar load.
Introduction
In recent years, there has been an increase in the number of patients with spinal deformities and vertebral body compression fractures due to a lack of exercise, atrophy of trunk muscles due to aging, and osteoporosis. Particularly, displacement of the center of gravity from vertebral compressive fractures has been reported to negatively affect a patient's quality of life (Miyakoshi, 2008) , to decrease the stride width due to restriction of the hip joint range (White and Panjabi, 1990) and to promote visceral disease. Therefore, quantitative evaluation of biological internal forces, such as the load generated between the vertebral bodies and the force of the trunk muscles, can likely be applied to new treatment and preventive methods by clarifying the cause of the spinal deformity or compression fracture (Sinaki et al., 2005 , Adam et al., 2008 , Bruno et al., 2012 , Finocchiaro et al., 2012 , Wood et al., 2014 .
However, measuring the load (e.g., intradiscal pressure [IDP] ) between the vertebral bodies involve an invasive procedure (Sato et al., 1999 , Wilke et al., 2001 , Polga et al., 2004 , so it is extremely difficult and dangerous, especially during dynamic movement. Therefore, predicting in vivo forces by inverse dynamics analysis using a musculoskeletal model is clinically useful (Murray et al., 1995 , Hansen et al., 2006 .
For example, Han et al. (2012) analyzed spinal dynamics using a three-dimensional musculoskeletal model and reported the load generated between the lumbar spine for flexion, lateral bending, and rotation. Christophy et al. (2012) used a three-dimensional musculoskeletal model to examine the moment arm in the trunk muscles during lumbar flexion. Although the lumbar spine is movable, some studies have assumed the thorax (region including the thoracic vertebrae and ribs) to be a rigid body (Cholewicki et al., 1996 , de Zee et al., 2007 , Arjmand et al., 2009 , Rasmussen et al., 2009 , Hajihosseinali et al., 2014 , Hwang et al., 2016 , Raabe and Chaudhari, 2016 , whereas other studies only used a lumbar spine model, excluding the thoracic spine (Nussbaum and Chaffin, 1996 , Van and Kingma, 2005 , Bazrgari et al., 2007 , Han et al., 2012 .
However, most studies using musculoskeletal models do not consider the effect of the load acting between the thoracic vertebrae, and have not conducted posture and motion analysis of thoracic deformities. Higuchi, Komatsu, Iida, Iwami and Shimada, Journal of Biomechanical Science and Engineering, Vol.14, No.1 (2019) [DOI: 10.1299/jbse.18-00432] Several studies using a thoracolumbar spine model with a partitioned thoracic spine and ribs and dynamical evaluations have been reported (Andriacchi et al., 1974 , Keller et al., 2003 , Andre et al., 2006 , Briggs et al., 2007 , Iyer et al., 2010 , Tho, 2010 , Bruno et al., 2015 , Kim et al., 2016 . For example, Ignasiak et al (2016) . constructed a movable thoracolumbar spine model to analyze the IDP, and the activity and tension of trunk muscles during flexion; however, the placement and geometry of the trunk muscles were not defined in detail because all of the muscle paths of the model were linear. Therefore, the authors constructed a three-dimensional trunk musculoskeletal model reproducing the muscle paths based on computed tomography (CT) and magnetic resonance imaging (MRI) data, and validated the predicted accuracy of the IDP at only the L4/L5 level (Iwami et al., 2017) . However, its usefulness as a dynamic thoracolumbar spine model is inadequate, as the model was under static conditions and only validated at the L4/L5 level. Regarding the muscle paths, only an upright standing position is guaranteed, and there is a problem of diverging from the actual muscle paths during the dynamic analysis. The accuracy of this previously constructed model (Iwami et al., 2017) under dynamic conditions and at the level of the thoracic spine has not been confirmed, so it is considered unsuitable for clinical applications.
The purpose of this study was to develop a novel three-dimensional trunk musculoskeletal model with partitioned thoracolumbar vertebrae and a detailed redefinition of the muscle paths, and to evaluate the predicted accuracy of the IDP in the thoracolumbar vertebrae under dynamic conditions.
Method
We used the commercial software AnyBody Modeling System (AMS.v.6.0.5.4379) (AnyBody, Technology, Alborg, Denmark) to construct the thoracolumbar spine model with different muscle paths and validate the accuracy of the predicted IDP for three-dimensional inverse dynamics analysis (Damsgaard et al., 2006) . The partitioning of the thoracolumbar vertebrae was based on the generic lumbar spine model (de Zee et al., 2007) provided by the AnyBody Managed Model Repository (AMMR, version 1.4), and the thorax portion of the model was partitioned as in previous studies (Hwang et al., 2016 , Ignasiak et al., 2016 .
Definition of segments and joints
The thorax of the full-body model provided by AMMR is constructed as one rigid body; therefore, it is necessary to create novel individual models. In this study, the skeletal models were constructed using 33 individual rigid bodies for the thorax: 12 thoracic vertebrae, 10 pairs of articulated ribs, and a sternum. The mass of each rigid body was calculated considering the soft tissue (adipose tissue and muscle) based on literature values (Damsgaard et al., 2006, 2 Fig. 1 The thoracolumbar spine model was constructed using AMS in this study. (A) Overview of the thoracolumbar spine model. Left is the anterior plane, and Right is the posterior plane, respectively. Skeletal models were based on AMMR and a previous study (de Zee et al., 2007) . (B) Definition of the joint type for the intervertebral-disc junction zones from the thoracic spine to the lumbar spine and sacrum region. All joints were based on previous studies (de Zee et al., 2007 , Bazrgari et al., 2009 , Raabe and Chaudhari, 2016 .
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Iwami et al., 2017) of the ratio of each partial mass to the body mass. The constructed skeletal model is shown in Fig.  1 (A) (de Zee et al., 2007) . The joints of the thoracic intervertebral and thoracolumbar junction were defined to have three degrees of freedom (DOF) by combining a revolute joint and a universal joint considering the instantaneous axis of rotation (IAR) (White and Panjabi, 1990) for flexion, lateral bending, and rotation. The lumbar intervertebral-disc junction zones were defined to have joints with three DOF (de Zee et al., 2007) using only a spherical joint. The costovertebral joint was defined based on the physiological structure of the joint surface. The joints defined in this study are shown in Fig. 1 (B) (de Zee et al., 2007 , Bazrgari et al., 2009 , Raabe and Chaudhari, 2016 .
Trunk-muscle model and muscle paths
We defined trunk muscles based on a previous study (Iwami et al., 2017) . The trunk muscles in the present study comprised five muscle groups, for a total of 15 individual muscles, and a total of 328 fascicles: short dorsal muscles (interspinales and intertransversarii), transversospinalis muscles (semispinalis thoracis, multifidus, rotatores breves and rotatores longi), erector spinae muscles (iliocostalis lumborum, iliocostalis thoracis, longissimus thoracis and spinalis thoracis), abdominal muscles (rectus abdominal, internal oblique, external oblique and quadratus lumborum), and psoas muscles (psoas major).
The origin and insertion point of the muscle paths were decided based on MRI data (Iwami et al., 2017 ) and anatomical descriptions (Fujita, 1993, Tortora and Derrickson, 2013) , and the muscle models were constructed by connecting the origin and insertion. However, the actual muscle paths spread along the surface of the bone and fat; many of the muscle paths are curved planes that follow the skeleton and soft tissue. Therefore, it is necessary to geometrically reproduce the muscle paths to construct a detailed trunk musculoskeletal model. In this study, we used two methods, the Via-Point method, which is a straight line expressing the muscle path between the origin and insertion, and the Wrapping method, which reproduces the muscle path close to the actual physiological curvature of the underlying bone and soft tissue. As shown in Fig. 2 (Fujita, 1993, Tortora and Derrickson, 2013) , the Wrapping method reproduces a smooth muscle path by changing the position vector curvilinearly along the rigid body of a geometric shape, such as an ellipsoid (Garner and Pandy, 2000 , Charlton and Johnson, 2001 , Desailly et al., 2010 , Stavness et al., 2012 , Scholz et al., 2014 . For the Wrapping method, the position, direction, and size of the ellipsoid for (Fujita, 1993, Tortora and Derrickson, 2012) and MRI data. (C) Wrapping muscle model was changed to use curved muscles by applying (B), which resulted in smooth muscle paths. Therefore, the psoas major passed through the surface of the ellipse to avoid penetrating the pelvis.
the muscle path were adjusted based on MRI data (Iwami et al., 2017) . In addition, the path was selected to avoid it actually passing through the skeletal model shown in Fig. 1 . Finally, one of the authors (J.I.), who is a medical doctor, confirmed the physiological accuracy of the muscle paths for the Wrapping method. In the developed trunk musculoskeletal model, Wrapping was applied to the transversospinalis muscles, erector spinae muscles, abdominal muscles, and psoas muscles. Hereafter, the Via-Point (VP) model refers to the model constructed using the Via-Point method, and the Wrapping (Wrap) model refers to the model constructed using the Wrapping method. The muscle models constructed in this study are shown in Fig. 3 (Iwami et al., 2017) .
Inverse dynamics analysis and validation
To verify the accuracy of the IDP predicted using the constructed VP model and Wrap model, inverse dynamics analysis under static and dynamic postures was conducted. Compared with the number of joints, a large number of muscles must be considered when calculating the muscle tension by inverse dynamics analysis, which results in a redundancy problem. Therefore, optimization was performed using the evaluation function G of Eq. (1) to calculate the muscle tension (Damsgaard et al., 2006) . Fig. 3 Muscle models (A) Via-Point (VP) model and (B) Wrapping (Wrap) model were reconstructed using AMS based on previous studies (Iwami et al., 2017) . Green, red, blue, pink and black muscles indicate the short dorsal, transversospinalis, erector spinae, abdominal and psoas major muscles, respectively. Short dorsal muscles were reconstructed only in VP using the interspinales and intertransversarii. Transversospinalis muscles were reconstructed in VP and Wrap using the semispinalis thoracis, multifidus, rotatores breves and rotatores longi. Erector spinae muscles were reconstructed in VP and Wrap using the iliocostalis lumborum, iliocostalis thoracis, longissimus thoracis and spinalis thoracis. Abdominal muscles were reconstructed in VP and Wrap using the rectus abdominal, internal oblique, external oblique and quadratus lumborum. Psoas muscles were reconstructed in VP and Wrap using the psoas major. 
where fi is the muscle tension and Ni is the normalization coefficient. In this study, muscle tension is determined so that G is minimized with the muscle physiological cross-sectional area as a normalization factor. In the VP model and the Wrap model, the moment arms of the muscles differ, so the calculated muscle tensions differ. Furthermore, using the calculated muscle tension, the compression force of the intervertebral disc was calculated. The IDP was then calculated using Eq. (2) and compared with measured values reported in the literature (Sato et al., 1999 , Wilke et al., 2001 , Polga et al., 2004 .
where Fcompressive is the resultant of the compressive force in the disc and Adisc is the physiological cross-sectional area (PCSA) of the disc, which was obtained from measurements of a subject in a previous study (Iwami et al., 2017) .
CF is a correction factor that ranges from 0.55 to 0.77 (Dreischarf et al., 2013) , but a median value of 0.66 was used in the present study. To unify the reference condition when calculating the IDP, we scaled the weight and height of the model and PCSA of the muscles. The movement of the model was made consistent with that reported in the literature. (Tables 1 and 2 ).
The motions simulated were upright standing (initial static posture), holding a 20 kg load (10 kg in each hand), lumbar flexion (30°, 36°), lumbar extension (15°, 19°), and lateral bending (right side: 18°, 20°; left side: 20°, 24°) (Sato et al., 1999 , Wilke et al., 2001 , Polga et al., 2004 .
The IDP of the lumbar spine was compared at the L4/L5 level during each movement with the measured values from the literature (Sato et al., 1999 , Wilke et al., 2001 . Similarly, the IDP of the thoracic spine was compared with the actual measured values (Polga et al., 2004) , which were divided into the middle thoracic intervertebral level (T6/T7, T7/T8) and the lower thoracic intervertebral level (T9/T10, T10/T11).
The accuracy of the IDP was validated by calculating the root-mean square error (RMSE) and the correlation coefficient between the actual value and the predicted value obtained in this study. In addition, in order to evaluate the usefulness of defining the muscle paths in detail, and investigate whether the IDP predicted from the model under a dynamic situation has validity, the predicted IDP results of the VP model and the Wrap model are compared using the RMSE and correlation coefficient.
The results were evaluated using MATLAB (Version R2017a; MathWorks, Natick, MA, USA).
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Results

Comparison with literature values of IDP
The predicted IDP in the lumbar spine showed a remarkable increase at 36° flexion in the VP model, and the relative error was 0.7225 (Fig. 4(A) ). In the Wrap model, the predicted IDP did not deviate greatly from the literature value; the relative error was 0.1014.
The predicted IDP in the thoracic spine showed a tendency to be low for upright standing with a 20 kg load in the VP model (Fig. 4(B) ), but showed values close to literature in the Wrap model. Fig. 4 Comparison of predicted and experimental IDP in (A) lumbar spine and (B) thoracic spine classified by activities.
Model validation of predicted accuracy
In the lumbar spine, RMSE of the Wrap model was smaller than that of the VP model (VP: RMSE=0.3052, Wrap: RMSE=0.2307). Furthermore, the correlation coefficient indicated a strong correlation (VP: R=0.8669 (p<0.05), Wrap: R=0.8095 (p<0.05)) between the predicted values and the literature values for both models (Fig. 5) .
In the thoracic spine, RMSE of the Wrap model was smaller than that of the VP model (VP: RMSE=0.2434, Wrap: RMSE=0.1551). Although the correlation coefficient did not indicate a correlation between the predicted values and the literature values for the VP model (R=0.4734 (p<0.05) ), a very strong correlation (R=0.9104 (p<0.05)) was found for the Wrap model (Fig. 6) . were used to simulate activities for which the IDP at the T6/T7, T7/T8 and T9/T10, T10/T11 levels have been previously reported. A strong correlation between measured and model-predicted IDP is shown. Upr -upright standing, Upr20kg -upright standing with 10 kg weight held in each hand, Flex30° -dynamic 30 ° trunk flexion, Ext15° -dynamic 15° trunk extensions, Lat20° -dynamic 20° trunk lateral bending, M -middle thoracic region (T6/T7, T7/T8), L -lower thoracic region (T9/T10, T10/T11).
Discussion
The IDP in lumbar spine and thoracic spine during 30° lumbar flexion forward showed values close to those reported in the literature for both the VP model and the Wrap model (Fig. 4) . However, at 36° lumbar flexion forward, the predicted value of the VP model greatly diverged from the literature value. In contrast, the Wrap model showed a value close to the literature value even when the lumbar flexion was changed from 30° to 36°. The detailed wrapping of the trunk muscles related to various motions of the spinal column approximated the actual muscle paths, and as a result, the IDP was close to actual measured values. Regarding the influence of flexion on the spinal column, the flexion moment increases with the level of thoracic kyphosis (Bazrgari et al., 2007 , de Zee et al., 2007 and the compressive force on the vertebral body also increases (Briggs et al., 2007) . In patients with spinal kyphosis, the center of gravity of the trunk is displaced forward (White and Panjabi, 1990) , which increases the load generated on the vertebra. Especially in thoracic kyphosis, there is a prominent increase in the burden on the vertebral body, which is useful for evaluating not only the lumbar vertebrae but also the trunk muscles around the thoracic vertebrae in detail to quantitatively evaluate the load on the vertebral body in kyphosis patients.
Therefore, the Wrap model produced in this study would be suitable for the inverse dynamics analysis of patients with spinal deformities or vertebral body compression fractures.
In upright standing with a 20 kg load, there was greater deviation in the IDP of the thoracic spine between the predicted values of the VP model and the Wrap model (Fig. 4) . This is because the load transmission of the thoracic spine was greatly changed by physiologically reproducing the muscle paths via Wrapping on the muscle model. Therefore, an external force (static load) other than gravity acting on the model remarkably influences the analysis accuracy. Previous studies have reported that the local compressive force on the vertebra due to lifting can cause a compression fracture (Cooper et al., 1992) and that vertebral body compression fractures are frequently seen in the thoracolumbar junction (Davies et al., 1996 , Delmas et al., 2005 , Hongo et al., 2012 . We surmised that the prediction accuracy of the three-dimensional trunk musculoskeletal model developed in this study was improved by the Wrapping (Fig. 6(B) ), and that the IDP during the lifting motion approached the values obtained from in vivo measurements (Fig.  4) . Therefore, we considered the Wrap model to be useful for evaluating three-dimensionally the local vertebral body load that causes vertebral compression fractures.
As shown in Fig. 5 , in the lumbar region, the IDPs calculated using the VP model and the Wrap model showed strong correlations with the measured values. However, in the thoracic region, while the IDP calculated using the VP model was correlated with the measured value, the IDP calculated using the Wrap model was very strongly correlated with the measured value (Fig. 6) . Therefore, it is extremely important to define the muscle paths accurately when constructing a trunk musculoskeletal model including the thoracic spine.
However, there are some limitations to the Wrap model produced in this study. First, we did not consider spinal ligaments such as the anterior longitudinal ligament and the posterior longitudinal ligament. The role of these ligaments in the spine is to improve the stability of the spinal column (White and Panjabi, 1988) . It has been reported that the toughness of the anterior and posterior longitudinal ligaments helps maintain spinal stability during flexion and extension (Schendel et al., 1993) . Second, there is uncertainty in the model when converting disc compressive force to IDP. Equation (1) is used to calculate IDP; however, since the correction factor takes into account the physiological cross-sectional area and material properties of the intervertebral disc, and ranges from 0.55 to 0.77, there is some inherent uncertainty. Moreover, Eq. (2) has only been validated for the lumbar spine (Dreischarf et al., 2013) , and its application to the thoracic spine is still experimental (Hwang et al., 2016 , Ignasiak et al., 2016 . In the future, regarding the correction coefficient, research that includes the thoracic spine is necessary. Third, we did not consider interabdominal pressure (IAP). IAP increases with the simultaneous contraction of the abdominal constituent muscle groups, and greatly affects the supportability of the spinal column to maintain posture. Specifically, IAP also increases during simple exercise such as lifting an object, flexion, and lateral bending, so the burden on the vertebral bodies and each trunk muscle is reduced (Cholewicki et al., 2002 , Stokes et al., 2010 . Since the effect of IAP on a musculoskeletal model reportedly influences the prediction of biological force (Arshad et al., 2016 , Iwami et al., 2017 , it is important to consider the measured IAP using MRI (Fairbank et al., 1980 , Mens et al., 2006 ) when generating the model.
As a prospect in this model, it is desirable to analyze in vivo forces acting between the vertebral bodies of patients with kyphotic deformities, and to apply them to selection of proper rehabilitation and elucidation of pathology. Furthermore, we would like to extend the versatility of the model to motion analysis by improving to a model that can Higuchi, Komatsu, Iida, Iwami and Shimada, Journal of Biomechanical Science and Engineering, Vol.14, No.1 (2019) [DOI: 10.1299/jbse.18-00432] be analyzed individually for each subject in combination with a three-dimensional motion analysis device and verifying accuracy.
